A perturbation approah is used to separate the conductor loss from the total measured loss of a dielectric material which fills a cavity. The technique is limited to cavities with good conducting walls. Accurate knowledge of the conductor conductivity determines the accuracy of the obtained results. Dielectric loss tangent is estimated over a wide range of frequencies.
The wideband dielectric-filled cavity, WDFC technique, [l] and [2] , was developed to evaluate the complex permittivity of a dielectric over a wide band of frequencies. The cavity structure used in this technique is constructed with a conductor of known conductivity enclosing the dielectric. The cavity is fabricated with an aperture that adapts to the 7mm connector of an HP 8510B network analyzer, Fig. 1 . The reflection coefficient of the cavity is measured and processed using a full-field analysis to evaluate the dielectric properties based on knowledge of the sample geometry. The low-loss dielectric material is characterized by the complex permittivity 5, which is a function of frequency as defined by where eo is the permittivity of free space, A is the relative complex permittivity, 6; is the dielectric constant, and e: is the relative loss factor representing the dielectric loss. The dielectric loss tangent is defined €l-.
as
The WDFC technique is used successfully to estimate the dielectric constant. However, limitations exist in the accuracy of estimating the dielectric loss tangent. The limitations exist due to the assumption of ideal conductor walls in the full-field analysis of the Consequently an effective loss tangent is obtained which includes both dielectric and conductor loss contributions. The effective loss tangent can be significantly different from that of the dielectric since the conductor loss term can be significant at microwave frequencies.
The goal of this paper is to separate the dielectric loss estimate from the total measured loss using perturbation techniques [3], [4] , and [5] . Starting with the full-field analysis results obtained by assuming ideal conducting walls as the unperturbed cavity problem, the solution is perturbed for a cavity with finite but high wall conductivity.
Assuming the conductivity of the walls does not cause a significant change in the tangential components of the magnetic field intensity, these fields may then approximate the electric surface currents at the conductor boundaries to compute the power dissipated in the cavity conductors.
Knowing the total loss in the cavity (as computed from the measured reflection coefficient), the conductor loss is computed and then separated from the total loss to estimate the dielectric loss term and the dielectric loss The perturbation technique is based on the assumption that the introduction of a small loss in the conductor walls does not substantially alter the fields from their lossfree values. The loss in the conductor walls is to be evaluated using the unperturbed fields, and subtracted from the total loss obtained from the measured reflection coefficient to estimate the dielectric
IOSS.
The unperturbed problem is that of the WDFC configuration, Fig. 1 , with assumed perfectly conducting walls.
The unperturbed field has no tangential electric field component at the conductor walls. The energy absorbed in the cavity is all stored and dissipated in the dielectric filling the cavity. The electric and magnetic fields in the cavity region are represented by s and respectively. The solutions obtained for the unperturbed WDFC structure are referred to as the apparent dielectric constant clfQ and the apparent dielectric loss
The perturbed problem is defined as that of the original problem except for the replacement of the perfectly conducting walls with these of finite conductivity. The fields are not exactly the same as these of the unperturbed problem, since the boundary conditions are changed. In particular, the tangential components of the electric field at the walls are no longer zeros. The electric and magnetic fields in the cavity region for this enclosed by the cavity structure, and 2, is the apparent value of the dielectric complex permittivity. This equation indicates the exciting complex power (in watts) is stored as electric and magnetic energy in the dielectric, and dissipated in the dielectric. The power dissipated in this unperturbed problem is represented by Pd'
For finite conductivity U, the conductor surface impedance is given by
The conservation of complex power equation for the perturbed problem may be written as are the perturbed fields, S is the surface of the coniucting walls, and 2., is the estimated value of the dielectric complex permittivity. This equation shows that the exciting power is stored as energy and dissipated in both the dielectric and the conducting walls.
For high conductivity metals, with the skin depth of the conductor much less than the conductor thickness, the fields inside the cavity are only slightly perturbed from the unperturbed problem case. This -assumption means xp and Bp may be approximated by E and a. On the cavity walls the electric field is no and a
In both the perturbed and unperturbed longer zero, but we assume that the magnetic field problems, Maxwell's Eguations with the complex Hp has only changed slightly, so it may be permittivity 2 must be satisfied as replace$by a,,, of the unperturbed problem. After this substitution, kq. (7) may be rewritten as
and V X B = j w Z 3 , where p, is the permeability of free space for a nonmagnetic dielectric.
S From these equations, the conservation of complex power equation for a source-free region, for the unperturbed problem, may be derived as Subtracting Eq. (8) where Pd is the real power absorbed by the cavity, and Pdc is the real power loss in the cavity conductors.
An equivalent form enables us to estimate the perturbed dielectric loss €Fe as €,,I, = 'd -'dc €Fa.
' d
To get the estimated dielectric loss tangent (tan a), from the apparent loss tangent (tan a) , , we simply divide both sides of Eq. (13) by the dielectric constant e',.
2.1

Real power absorbed by the unperiurbed caviiy
To evaluate the power absorbed by the cavity, the measured reflection coefficient of the cavity structure is used.
For unity incident power, the transmitted power to the cavity or the dissipated power (in Watts) in the cavity is given by 'd = ( -lsll12 1. 
2.2
Real power dissipated in the cavity walls
The power dissipated in the cavity walls is evaluated using the form with S representing the cavity wall surface. The total power dissipated in the walls is the sum of the powers dissipated, as shown in Fig. 2 , in the front (Pdf), back ( Pd&, and side ( Pds) walls as given by For the front wall, the surface has two parts, one is a circle covering the center conductor with radius a, and the other is a ring with inner radius b and outer radius c. The power dissipated in the back wall is The conductivity of the front and back walls was 6x105 S/cm, while that of the edge conductors was 2x105 S/cm. The loss tangent was assumed to consist of a constant value for the dielectric loss plus a conductor loss term varying with frequency. The unperturbed analysis was used to compute the reflection coefficient for the different values of apparent dielectric loss over the frequency range from 45 MHz to 5 GHz. The perturbation analysis was then used to compute the power loss in the cavity from the magnitude of the reflection coefficient and the power in the walls, as shown in Fig. 3 . Frequency (Hz) Figure 3 . The power loss in the cavity.
The estimated loss tangent after perturbation as well as the apparent loss tangent for the unperturbed problem are illustrated in Fig. 4 . The estimated loss tangent demonstrates a constant value as anticipated. The method does not explicitly impose any frequency-dependent model for the dielectric.
The next section considers the characterization of typical dielectric materials used in the microelectronics industry.
-4. Experimental results
Experimental results for the Dupont polymer Pyralux@ and for low-temperature cefireable multilayer ceramic (LTCC), Green TapeTM, are presented in this section. The Pyralux@ samples were made from a 3"x 3" layer of Pyralux@ LF-9121. The samples were punched to fit the stainless steel sleeves of a 7 mm connector used on an HP 8510B network analyzer. The copper layer on one side of the samples was etched to have inner and outer radii of 0.15cm and 0.35cm, respectively. The other side was left with copper covering the entire back wall of the cavity. The edges of all the samples were painted with silver paint to reduce errors of possible air gaps. Frequency (Hz) Figure 4 . The apparent and estimated dielectric loss tangents for the simulated problem.
The reflection coefficients (sI1) of these samples were measured using a network analyzer with a one-port full reflection calibration. The samples were analyzed using the unperturbed analysis to determine the dielectric constant and the apparent dielectric loss tangent.
Perturbation is then applied to the results of the unperturbed problem to estimate the true dielectric loss tangent.
Fig . 5 shows the loss tangent results for the dielectric sample. The apparent loss tangent gives an upper bound that starts at 0.015 at the low frequency end and increases to 0.027 at about 5 GHz. The loss tangent estimated using the perturbation technique demonstrates a reasonable behavior with respect to frequency, as the frequency dependent conductor loss has been separated from the apparent loss.
The Green TapeTM samples have a 0.7458 cm radius and a thickness of 27 mils. The metallization layers were screen printed, using silver paste on one of the sides of the ceramic tape samples, to match the cross section of a 7mm connector. The other side of the samples and the edges were painted with silver paint to completely enclose the samples and give them the necessary cavity structure for adapting to the end of the transmission line. An HP 8510B network analyzer was used to measure the reflection coefficient of these samples. Using the unperturbed analysis, the complex permittivity of the Green TapeTM was evaluated for the frequency range of 45 MHz to 4 GHz with a resultant apparent dielectric loss tangent ranging between 0.003 and 0.015 as shown in Fig. 6 . The resultant estimate of the dielectric loss tangent is illustrated in Fig. 6 . The dielectric loss tangent estimated after separating the loss of the conductor walls from the apparent loss demonstrates a reasonable behavior. 
4-Apporenl Loss Tangenl
Conclusion
A perturbation approach has been presented for improving the dielectric loss tangent estimate of a dielectric material filling a small cavity. It has been demonstrated that a significant improvement in the dielectric loss estimate may be obtained by removing the conductor effects through perturbation. The results obtained using this technique are considered excellent.
